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Thymus myosin, light chains and a synthetic peptide 
(S-S-K-R-A-K-A-K-T-T-K-K-R-P-Q-R-A-T-S-N-V-F-S) corresponding to the 
N-terminal sequence of snxxth aniscle myosin light chains were ccqared as 
substrates for calciurm/caln&ulin-depsndent protein kinase umx) , 
calcium/phospholipid-depxdent protein kinase tPKC), and a MgATP-activated 
protein kinase (H4PK) fran lysphoid cells. All protein kinases catalyzed 
phosphorylation of the substrates although H4PK shawed higher affinity for 
isolated light chains and the peptide. Phosphoamino acid analysis and analysis 
of thermolysin peptides established that PKC catalyzed phosphorylation of 
threonine-9 or 10. In addition, PKC and H4PK catalyzed phosphorylaton at 
serine-19, the MICK site. Collectively the data support the hypothesis that 
myosin filament assanbly in noascle cells may be regulated by a variety of 
calcium-dependent and calciur&ndeoendent protein kinases. 0 1986 Academic ~SS, Inc. 

Phosphorylation of myosin light chains in SIK&JI rmxzcle and nonmuscle 

cells is catalyzed by the calci~calmodulin-dependent myosin light chain 

kinase (l), the calci&phospholipid-dependent protein kinase (2,3) and a 

calcium-independent, proteaseactivated protein kinase (4-6). The 

MLCK-catalyzed phosphorylation promotes activation of actin-activated MgATPase 

activity (1,7) and myosin filament formation (8) in smooth rrmscle and 

norxnuscle cells. This enzyme exhibits a markedly restricted substrate 

Abbreviations: MUCK, calcium/calrrcdulin-dependent protein kinase; PKC, 
calcidphospholipid dependent protein kinase; H4PK, calcium-independent, 
MgATP -activated protein kinase; MLC(l-23), 
S-S-K-R-A-K-A-K-T-%K-K-R-PQ-R-A--S-N-V-F-S; H4(Ser 47), V-K-R-I-S+L; SDS 
PACE, polyacrylamide gel electrophoresis with sodium dodecyl sulfate; TIE, 
thin layer electrophoresis; PS, phosphatidylserine. 
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specificity and requires calcium-calrmdulin for activity (1,2). In contrast, 

PKC and H4PK have been shown to catalyze the phosphorylation of nniltiple 

substrates, including histones Hl and H4 and the ribosanal protein S6 (g-12). 

The substrate specificity determinants for each of these 

phosphotransferases has been investigated (13-17). Kemp and coworkers (13,141 

have an&rated that lysyl and arginyl residues located in the myosin light 

chain sequence K-K-R-P+R-A-WS-N-V-F were the principal determinants for 

MLCK reactivity. Masaracchia and coworkers (15) systematically investigated 

the reactivity of H4PK with synthetic peptides derived fran the sequence 

V-K-R-I-S+L. A strict requirement for the dibasic -K-R- sequence was 

demonstrated. O'Brian et al (16) reported that the synthetic sequence -- 

R-R-K-A-S-0P-P-V was phosphorylated with a K w?P 
= 130 uM by PKC although 

other data have suggested threonyl residues may be preferred modification 

sites for PKC (3). Ferrari et al (17) reported phosphorylation of several -- 

basic peptides by PKC although no discrete specificity determinants for this 

enzyne have been established. 

In this report a synthetic peptide containing the seryl residue modified 

by MICK in the gizzard myosin light chain sequence has been used to 

investigate the PKC and HIPK reactivity with myosin light chains. 

MATEzuArs AND METHODS 

MLCK, PKC and H4PK were prepared fran murine lynphosaraxna P1798 as 
described previously (4,11,18,19). Bovine trachea MLCK was a generous gift 
frcun Dr. Janes T. Stull (University of Texas Health Science Center, Dallas, 
TX). Protein kinase assays were conducted for 10 min at 30° unless otherwise 
noted. The assa was conducted in the presence of 20 m MES, pH 6.8, 10 z@l 
Mgcl2r Y 100 uM Y- 32P1A~ (50-200 dplJpno1) and substrates and effecters as 
noted in a total volume of 50 1Jl. When present, the concentrations of 
effecters were as follows: CaCl,, 1 IIM; calnxdulin, 30 ug/ml; PS, 90 ug/ml. 
Phosphorylated paptide and proteins were quantitated by the methcxfl of Glass et 
al. (20). Histones and [Y- 3 ~~IATP were prepared as described previously (4% 
cdimodulin was purified frcan bovine testes (21) and PS was obtained fran 
Supelco. In sane experiments myosin light chain phosphorylation was analyzed 
by SDS PAGE (15% gel.) and autoradicgraphy as previously described (12). 

Thymus myosin was prepared according to the KI procedure of Scholey et 
al. (22), and thymxa myosin light chains were extracted fran the myosin (23r 
-in-activated myosin ATPase was assayed according to Trotter and Adelstein 
(24). The synthetic peptide corresponding to the N-terminal 23 residues of 
chicken gizzard regulatory myosin light chain was synthesized and purified as 
described previously (13, 14). Phosphamino acids and peptides were separated 
by TLE (15). 
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RESULTS 

Purified thymus myosin and thynnis myosin light chains were 

phosphorylated by MLCK, PKC and H4PK (Figure 1). With both substrates, 

SDS-PAGE demonstrated that the principal phosphorylated protein was the Mr 

23,000 light chain (LL+). MTCK and H4PK phosphorylated a second protein (ML- = 

20,000) in s.ans preparations. Since the occurrence of this protein is 

variable, it is likely that it represents a proteolytic product of ICI.+. No 

endogenous kinase activity was detected with either myosin or light chains 

incubated with MgATP in the absence of exogenous protein kinase. 

Previous data have established the effects of MLCK and PKC-catalyzed 

phosphorylation on myosin ATPase activity (l-3). MLCK catalyzes an activation 

of the myosin MgATPase, but prior PKC treatment diminishes the MICK effect 

(3). H4PK-catalyzed phosphorylation of thyn~s qosin resulted in a lo-fold 

increasedM$UPase activity to a value of 630 nrrol Pi hydrolyzed/ 10 min-nq 

myosin. Carparable MgATPase activation was observed with actanyosin. In both 

cases the increased activity was not inhibited by 1 IIM EGTA. 

When MILK, PKC and H4PK concentrations were adjusted to give canparable 

activity towards myosin in all assays, the increase in catalytic rate observed 

A B C DE F G H I J K 1 

Figure 1. Phosphorylation of thyrms myosin and isolated light chains by 
calcium-deuendent and calcium-independent protein kinases. Purified thms 
myosin (A-k; 70 llg) or myosin light chains-(G-K; 20 I-lg) were incubated for 10 
min with % [4- 32~]~ and bovine trachea MICK in the Presence (B,H) or absence 
(C,I) of calci~calmodulin, PKC in the presence (D,J) or absence (E,K) of 

calcium PS, or H4PK tF,L) as described in Methods. Stained sanples (A,G) and 
autoradiographs (B-F;H-L) of the SDS-PAGE analysis are shcun. 
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Table 1. Canparative rates of myosin, light chain and peptide 
phosphorylation by MUX, PKC and WPK 

Enzynles Protein Kinase Activitv 
(pml/lO min) * 

Mvosin Light Chain MLfJ(l-23) 
MICK ‘I.3 XI.0 Cl.0 
+CaC.amulin 5.8 3.0 11.3 

m&+2 
3.5 6.0 <I.0 

,ps 7.0 5.5 597 

H4PK 6.4 49 2900 

Enzymas @KCK 0.9 pg; PKC 0.4 I.rg; H4PK 10 ug) ware 
incubated with nyosin (100 ug) light chains (23 pg) or U(l-23) (435 PM) as 
described in Figure 1. Protein phosphorylation was guantitated according to 
Glass et al. (19). Allenzymaswere purified franlymphosarcana. 

with light chains or the peptide MIC(l-23) substrates was not canparable for 

the three enzymes (Table 1). With MLCK, a two-fold increase over the myosin 

rate was observed when the peptide was used as substrate. With all three 

substrates the activity was dependent on added calcium and calnodulin. The 

MIC(l-23) was phosphorylated 85-fold faster than myosin by PKC. Furthermore,the 

peptide phosphorylation was totally dependent upon added calcium and 

phosphatidylserine whereas the reactivity with myosin and light chains 

demonstrated little effector dependency. With both LYLCK and PKC, the activity 

towards intact myosin and isolated light chains was comparable. H4PK catalyzed light 

chain and hILC(I-23) phosphorylation at rates 8- and 480-fold, respectively, greater than 

myosin. 

Since the previous data indicated that PKC (3) and a protease-activated 

kinase, which is highly similar to H4PK (4,5), catalyzed phosphorylation of 

myosin light chain sites different fram those modified by MICK, further 

analyses of the phosphorylated residues in MLC(l-23) were carried out. TLE 

analysis of products obtained by partial acid hydrolysis of MLC(l-23) which 

was (32P)-labelled with Mg [v-32 P IATP and H4PK or PKC indicated that H4PK 

catalyzed phosphorylation of seryl residues, but PKC catalyzed phosphorylation 

of both seryl and threonyl residues (Figure 2). MLCK catalyzed only serine 

phosphorylation (data not shown). Since multiple seryl and threonyl residues 

are present in the MIC(l-23) sequence, the phosphorylated peptide was further 

analyzed by thermolysin digestion and TLE analysis of (32P)-labelled products 

(Figure 3). 
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P-Ser 

P-Thr 

MLC(l- .23) 

H4PK PKC 
Figure 2. Identification of phosphorylated residues in MIC(l-23) incubated 
with WPK and PKC. Following 30 min incubation of M.C(l-23) with Ii4PJ or PKC, 
the peptide was partially hydrolyzed with 6N HCl for 1 hour at 100 C. Tfiin 
layer electrophoresis of the hydrolysate was carried out at 400 volts for 4 
hours (pa 1.9) and the phmphorylated prcducts were detected by 
autoradiography. 

The specificity of thermlysin predicts that at pH 6.4 the N-terminal 

seryl residues (S-l, S-2) will occur in a short (n=5) basic peptide; the T-9 

and -10 residues will occur in a large (n=12) basic peptide; and p-18 and 

S-19, the MUX phcsphorylation sites (14), will occwz in a short (n=4 or 6) 

neutral peptide. Phosphorylation will increase the acidity of each peptide at 

pH 6.4. When phcsphopeptide obtained fran incubation of MIC(l-23) with H4PK or 

MUX was digested with thermolysin and analyzed by TIE, the distribution of 

(32P)-labeled peptides was identical. In both cases, the (32P) phosphate 

migrated with a slightly acidic peptide, consistent with the assigrrrrent of 

S-19 as the mdified residue. In contrast, in the thermlysin digest of the 

MLC(l-23) incubated with PKC, three major phcephopeptides were detected 

(Figure 3). Approximately 20% of the radioactivity occurred in a slightly 

acidic peptide which coelectrophoresed with the H4PK phosphopeptide. TW major 

basic phosphopeptides which migrated at rates of 3.6 and 8.2 mn/volt/hr were 

also detected. The specificity of thernmlysin predicts that these are peptides 

1-17 and 6-17 which contain the T-9 and T-10 residues. The absence of any 
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PKC H4PK 

3. Ftgure Identification of phoaphorylated peptides in MIC(l-23) in&ted 
with H4PKandPEL Followinq 30 min incubation of MW(l-23) with H4PK or PKC. 
the peptide was digested with 2% thermlysin for 3 hours at 3!j" Thin lay& 
electrophoresis of the digested peptide was carried out at 500 volts for 2 
hours (pH 6.4). Phosphorylated prcdmts were detected hy autoradicgraphy. 

basic phosphopeptide in the H4PK or MUX digest indicates that the themolysin 

digest was canplete and none of the peptides observed in the PKC expe.rinEnts 

represent MT.C(l-23). 

DISCUSSION 

Myosin phosphorylation in crude preparations of smoth mscle and 

nomuscle cells has been shm to be both calcim-dependent and 

calcium-independent (25-27). The site modifid by MUX contains multiple basic 

residues with a specific spatial orientation in the primry structure (13,141. 

Data presented here establish that PKC and H4PK also catalyze myosin light 

chain phosphorylation in the N-terminal sequence containing the MUX 

specificity determinants. Since serine19 in the peptide is modified by H4PK 

and myosin phosphorylation activates the Mg A!CPase, the H4PK phcephorylation 

site appears identical to the MfCK site. 
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PKC catalyzes phosphorylation of a threonine site which is predicted to 

be T-8 or T-9 based on the peptide analysis. This is consistent with data 

obtained with heavy marcxnyosin (3) which suggest that the PKC and MUCK 

phosphorylation sites are close enough to permit modulation of the substrate 

reactivity by mltisite phosphorylation, although additional sites may also be 

modified by PKC. 

The specificity determinants for PKC-catalyzed phcsphorylation appear to 

differ substantially from those described for H4PK and MILK substrates 

(13-15). For exanple, threonyl residues are modified at a rate canparable to 

the seryl residues. Further, basic residues occur both N-terminal and 

C-terminal to the phosphorylation site. Ferrari et al. (17) also found the 

most favorable reaction kinetics with synthetic peptides containing basic 

residues flanking the phosphorylation site on both sides. 

Previous data would not predict that the MKC(l-23) sequence 

Q-R-A-T-S-N-V would serve as a gocd substrate for phosphorylation by H4PK 

since no -K-R- sequence is present (15). However, mltiple basic residues and 

a prolyl residue precede this sequence, suggesting that peptide secondary 

structure may significantly influence the reactivity of this substrate with 

HIPK. Phosphorylation of this site in myosin is supported by the evidence that 

actin-activated &ATPase is regulated by the H4PK phosphorylation. 

These studies provide further evidence for the phosphorylation of 

nonmuscle myosin in the N-terminal sequence of the myosin light chain by 

multiple protein kinases and support the hypothesis that regulation of 

filament assembly and reactivity in nomuscle cells may occur in response to 

mltiple physiological signals which selectively activate specific protein 

kinases. 
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